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The aim of this study was to investigate the mechanism of cellular regulation of mitochondrial respiration in permeabilized cardiac cells
with clearly different structural organization: (i) in isolated rat cardiomyocytes with very regular mitochondrial arrangement, (ii) in HL-1 cells
from mouse heart, and (iii) in non-beating (NB HL-1 cells) without sarcomeres with irregular and dynamic filamentous mitochondrial network.
We found striking differences in the kinetics of respiration regulation by exogenous ADP between these cells: the apparent Km for exogenous
ADP was by more than order of magnitude (14 times) lower in the permeabilized non-beating NB HL-1 cells without sarcomeres (25±4 μM)
and seven times lower in normally cultured HL-1 cells (47±15 μM) than in permeabilized primary cardiomyocytes (360±51 μM). In the latter
cells, treatment with trypsin resulted in dramatic changes in intracellular structure that were associated with 3-fold decrease in apparent Km for
ADP in regulation of respiration. In contrast to permeabilized cardiomyocytes, in NB HL-1 cells creatine kinase activity was low and the
endogenous ADP fluxes from MgATPases recorded spectrophotometrically by the coupled enzyme assay were not reduced after activation of
mitochondrial oxidative phosphorylation by the addition of mitochondrial substrates, showing the absence of ADP channelling in the NB HL-1
cells. While in the permeabilized cardiomyocytes creatine strongly activated mitochondrial respiration even in the presence of powerful
competing pyruvate kinase–phosphoenolpyruvate system, in the NB HL-1 cells the stimulatory effect of creatine was not significant. The
results of this study show that in normal adult cardiomyocytes and HL-1 cells intracellular local restrictions of diffusion of adenine nucleotides
and metabolic feedback regulation of respiration via phosphotransfer networks are different, most probably related to differences in structural
organization of these cells.
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In intact cardiac cells mitochondria are arranged very
regularly at the level of A-bands of sarcomeres [1] and
functionally coupled to multiple intracellular ATP-consuming
processes by energy transfer and metabolic feedback signalling
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organized metabolic systems are the objects of studies in cardiac
system bioenergetics which describes an interrelated metabolic
infrastructure regulating mitochondrial respiration and energy
fluxes throughout cellular compartments [2]. Recently, Clay-
comb and co-workers described the first cultured (continuously
dividing) HL-1 cell line with differentiated cardiac phenotype
[3,4]. These cells have to be grown in a very specific medium
containing in particular tested foetal bovine serum issued from
one provider. In our studies of these cells, non-beating cardiac
cells were obtained from the HL-1 line developed by W.
Claycomb [5]. We found that growing HL-1 cells with a
different serum (Gibco fetal bovine serum, batch 1147078) for 5
weeks (4 passages) led to cells devoid of beating properties,
which we assigned as NB HL-1 cells [5]. Like HL-1 cells, they
were frozen in a mixture of serum and DMSO. They are then
cultured in the normal Claycomb medium in which they
proliferate at a rate similar to HL-1 cells. These cells maintain
cardiac properties characterized by immunolabelling of desmin,
connexin 43, developmental myosin and cardiac dihydropyridin
receptors, by the presence of a sodium–calcium exchanger,
inward sodium and dihydropyridin sensitive calcium current,
the rapid delayed potassium current IKr and a glibenclamide
sensitive potassium current IKATP [5]. By contrast with the
original HL-1 cells, the non-beating NB HL-1 cells do not
express the pacemaker current, If, and do not show spontaneous
depolarization [5]. Moreover, fluorescence recordings of
calcium specific probes did not show calcium oscillation as in
normal HL-1 cells (data not shown). Thus the NB HL-1 cells,
appropriate for long exposure times in microscopy, represent an
original phenotype displaying cardiac characteristics. Most
remarkably, these cells are devoid of sarcomere structures and
possess randomly organized filamentous dynamic mitochondria
[5–7]. This lack of sarcomeric organization renders the cellular
organization very fragile and after trypsination, for resuspension
into the experimental medium, the cytoskeleton seems to be
disorganized since the cells become rounded. Here we take
advantage of this fragile organization to compare highly
structured cells (i.e. permeabilized adult cardiac cells) with
poorly or not structured cells (i.e. resuspended and permeabi-
lized HL-1 cardiac cells). The purpose of this study was to
investigate the cellular mechanism of the regulation of
mitochondrial respiration in these cardiac cells with very
different structural organization.
2. Materials and methods
2.1. Cardiomyocyte isolation
Adult cardiomyocytes were isolated after perfusion of the rat heart with
collagenase using the adaptation of the technique described previously [8].
Wistar male rats (300 g) were anaesthetised by pentobarbital with the addition of
500 U of heparin Choay. The heart was quickly excised preserving a part of aorta
and placed into filtered (0.45 μm) aerated isolation medium (IM) of the
following composition: 117 mMNaCl, 5.7 mMKCl, 4.4 mMNaHCO3, 1.5 mM
KH2PO4, 1.7 mMMgCl2, 11.7 mM glucose, 11 mM Cr, 20 mM taurine, 10 mM
phosphocreatine, 21.1 mM HEPES, 2 mM pyruvate, pH 7.1 at 25 °C. The heart
was cannulated and washed with the aerated IM during 5 min with a flow rate of
15–20 ml/min.The heart was digested by perfusion with isolation medium, recirculating in
closed system with the flow rate of 5 ml/min, containing 0.03 mg/ml liberase
Blendzyme I (Roche) and nominally zero calcium. The end of the digestion was
determined following the decreasing of pressure measured by a manometer.
After the digestion, the heart was washed with the IM during 2–3 min and
placed into IM containing 20 μM free calcium, 4.7 μg/ml leupeptin, 0.56 mg/ml
trypsin inhibitor and 2 mg/ml BSA. It was disrupted mechanically by forceps to
release the cardiomyocytes. The cell suspension was filtered and transferred into
a tube for sedimentation during 5–7 min at room temperature. Sedimentation
with 20 μM free calcium was repeated twice. Cardiomyocytes were gradually
transferred from isolation medium (with 20 μM free calcium and 2 mg/ml BSA)
into Mitomed (nominally zero calcium, see below) in three steps. Cardiomyo-
cytes were washed 3 times with the Mitomed solution. Each time, the
supernatant was removed after cells sedimentation. Isolated cells were stocked
at 4 °C in last solution until measurement. Isolated cardiomyocytes contained
60–90% of rod-like cells when observed under the light microscope.
2.2. Cell culture
HL-1 cells were kindly provided by Dr. W. C. Claycomb, Louisiana State
University Health Science Center, New Orleans, LA, USA. HL-1 non beating
cells were obtained as described before [5]. Beating (B) and non beating (NB)
HL-1 cells were grown at 37 °C under 5% CO2 in fibronectin–gelatin coated
flasks containing Claycomb medium (JRH Biosciences) supplemented with
10% fetal bovine serum (JRH Biosciences), 100 U/ml penicillin, 100 μg/ml
streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen) and 0.1 mM
norepinephrine (Sigma).
2.3. Preparation of HL-1 beating and non beating cells for oxygraphy
and spectrophotometry experiments
The cells were detached by trypsinization and the cells suspension was
washed and centrifuged 3 times at 4 °C with the Mitomed solution and 2 mg/ml
BSA and stocked in this solution at 4 °C.
2.4. Kinetics of respiration regulation
Mitochondrial respiration in adult rat cardiomyocytes and cultured HL-1
cells was analyzed after cell permeabilization with 25–50 μg/ml saponin by high
resolution respirometry (Oroboros oxygraph, Innsbruck, Austria). To achieve
the maximal stability of the respiratory parameters of the permeabilized cellular
preparations, the previously used medium B [9–11] was replaced by the
Mitomed solution [11,12] of the following composition: 110 mM sucrose,
60 mM K-lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 0.5 mM dithiothreitol,
20 mM taurine, 3 mM KH2PO4, 20 mM K-HEPES, pH 7.1, with 5 mM
glutamate, 2 mM malate, 2 mg/ml essentially fatty acid free bovine serum
albumin for both cell types and supplemented with 4 IU/ml hexokinase, and
12 mM glucose only in case of NB HL-1 cells. The use of this solution allowed
us to avoid using high EGTA concentrations and serious problems related to the
contaminations in the commercial preparations of EGTA.
2.5. Trypsin treatment
Isolated cardiomyocytes were permeabilized by incubation with 20 μg/ml
saponin for 10 min and washed 4–5 times with mitomed solution. Permeabilized
cardiomyocytes were incubated with different trypsin concentrations (titrated
trypsin concentrations 0.025–1.0 μM) for 5 min at 4 °C. Trypsin activity was
inhibited by addition of 2 mM trypsin inhibitor and 2 mg/ml BSA.
2.6. Confocal imaging of mitochondria in living cells
To detect the mitochondrial functional state at the level of the single
mitochondrion, images were acquired and analyzed by fluorescent confocal
microscopy [13]. For mitochondrial imaging (localization) studies, cells were
loaded with MitoTracker® Green (0.2 μM, Molecular Probes, Eugene, OR) or
MitoTracker® Deep Red (85 nM). Cells were placed in Lab-Tek® chambered
coverglass (Nalge Nunc, Rochester, NY) and incubated at least 2 h for
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chamber volume 0.3 ml, 10–20×103 cells per chamber. To analyze
mitochondrial inner membrane potential, cells were incubated for 30 min at
room temperature with 50 nM tetramethylrodamine methyl ester (TMRM,
Sigma), a fluorescent dye that accumulates in mitochondria on the basis of their
membrane potential when added directly to the cell culture medium. In control
experiments, dissipation of membrane potential was observed after addition of
5 μM antimycin A, 4 μM FCCP, and 0.5 μM rotenone (data not shown). The
digital images of TMRM and MitoTracker® Green fluorescence were acquired
with inverted confocal microscope (Leica DM IRE2) with a 63× water
immersion lens. The MitoTracker® Green fluorescence was excited with the
488 nm line of argon laser, using 510 to 550 nm for emission. TMRM
fluorescence was measured using 543 nm for excitation (Helium-Neon laser)
and greater than 580 nm for emission. A Mito Tracker® Deep Red flourescence
was measured at 633 μm for excitation and 653−703 μm for emission.
2.7. Creatine kinase activities
Creatine kinase total activity in adult rat cardiomyocytes and cultured HL-1
cells was measured by UV-Vis spectrophotometer (Cary 50, Varian, USA) at
25 °C in Mitomed solution [11,12] with composition as described above (in
Kinetics of respiration regulation) and contained additionally 2 mMADP, 6 mM
glucose, 0,6 mM nicotinamide adenine dinucleotide phosphate (NADP),
0.5 mM adenosin-5-phosphate, 2 IU/ml hexokinase, 2 IU/ml glucose-6-
phosphate dehydrogenase. Cardiomyocytes and cultured HL-1 cells were
permeabilized with 50 μg/ml saponin. Rise in formed NADPH absorbance was
measured after addition of 5 mM phosphocreatine (PCr) and total creatine kinase
activity was calculated.
2.8. Data analysis
All data are presented as means±SD. Statistical analyses were performed
using Student's t-test and P<0.05 was taken as the level of significance.
2.9. Reagents
The reagents were purchased from Roch (Meylan, France) and Fluka
(Buchs, Switzerland).Fig. 1. Confocal fluorescent images of mitochondria in normally cultured HL-1
cells (A) and cultured non-beating HL-1 cells (B). (A) Mitochondrial
arrangement and dynamics in normally cultured HL-1 cells visualized by
MitoTracker® Deep Red (85 nM, 30 min at 37 °C). Cells were observed with
a 63× (NA 0.9) water immersion objective. Excitation, 633 nm, emission
653–703 nm. (B) Mitochondrial arrangement and dynamics in NB HL-1 cells
were visualized by mitochondrial specific probe MitoTracker® Deep Red in
Tyrode medium. A, B: Bars, 10 μm.3. Results
3.1. Different structural organization and mitochondrial
dynamics in cardiomyocytes and HL-1 cells
The differences in the mitochondrial arrangement and
intracellular organization between these two types of cardiac
cells – adult rat cardiomyocytes and cultured NB HL-1 cells –
are clearly seen in Figs. 1 and 2. In normally cultured beating
HL-1 cells which still contain some residual sarcomeres [3,4],
we observed both clustered dynamic mitochondria, and
filamentous mitochondria with decreased mobility in parallel
rows, with interval between them being close to size of
myofibrils (Fig. 1A). In the NB HL-1 cells mitochondria are
filamentous, their arrangement is chaotic and dynamic (Fig. 1B),
and subject to fission and fusion transitions [6,7]. In normal adult
cardiomyocytes the arrangement of mitochondria is perfectly
regular (Fig. 2A) and follows a crystal-like pattern [1].
In this work, because of the fragility of HL-1 cells, the
sarcolemma of both cardiomyocytes and HL-1 cells was
permeabilized directly in the oxygraph cells by addition of
saponin up to its concentration of 25 or 50 μg/ml, and the
respiration kinetics was studied after 15 min of incubation at25 °C. Observations by the confocal microscope showed that the
cell shape and mitochondrial membrane polarization were not
changed by this treatment (Fig. 2B). In the presence of 25μg/ml of
saponin, the respiration in permeabilized cardiomyocytes was
strongly activated by ADP (2 mM) with respiratory control index
(RCI, the ratio of respiration rate in the State 3 to that in State 2)
being in the range of 7–9, stable during the time of measurements
(1–2 h), and the addition of the exogenous cytochrome c had no
stimulatory effect on the maximal respiration rate (Fig. 3A), this
showing complete permeabilization of sarcolemma and the
intactness of the mitochondrial outer membrane under these
conditions [10]. In the HL-1 cells the respiration was also stable
(Fig. 3B); the RCIwas close to 3 due to somewhat elevated State 2
respiration (probably due to elevated proton leak).
Fig. 2. (A) Colocalization of mitochondria-specific probes: TMRM (red) and MitoTracker Green in adult rat cardiomyocyte. The yellow color is the result of
superposition of green and red images. (B) No changes in mitochondrial arrangement and cardiomyocyte shape (morphology) during cell permeabilization with
saponin (50 μg/ml). Mitochondria were visualized with MitoTracker Green as described in Materials and methods. Scale bar, 10 μm.
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mitochondria in adult cardiomyocytes is very clearly related to
the complex interactions of mitochondria with cytoskeletal
structures in these cells. Some of the cytoskeletal proteins are
apparently very sensitive to the action of proteolytic enzymes,
since the treatment of permeabilized cardiomyocytes with
trypsin in low concentration (1 μM) results in very remarkable
dynamic changes in the cell structure and mitochondrialFig. 3. Respiratory control and stability of permeabilized cardiomyocytes (A) and NB
medium. In panel A, the concentration of cardiomyocytes was 0.0471 mg of protein/
both cases the substrates were glutamate and malate, as indicated in Materials and marrangement (Fig. 4). Under these conditions, one observes
rapid spontaneous contraction of the cells during first 1–1.5 min
of the treatment (Fig. 4), when the cell volume decreases 2–3
times due to digestion of most sensitive cytoskeletal proteins
obviously leading to disequilibrium of elastic forces within the
cell. This is followed by the phase of spontaneous increase of
the cell size (due to the further digestion of cytoskeletal
proteins) and almost complete restoration of the cell volume,HL-1 cells (B) in the presence of 25 μg/ml of saponin at 25 °C in the Mitomed
ml. In panel B, the concentration of NB HL-cells was 0.225 mg of protein/ml. In
ethods. Lower traces—O2 flux.
Fig. 4. Dramatic changes in cardiomyocyte morphology and regular arrangement of mitochondria during cell incubation with saponin (50 μg/ml)+Trypsin (1 μM).
Mitochondria were visualized with TMRM as described in Materials and methods. Confocal images of the same cell were taken successively at time points shown in
seconds, s. Scale bar, 10 μm.
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lost (Fig. 4). Remarkably, mitochondria remain still attached to
the cell structures (however, longer treatment or the use of
higher trypsin concentrations results in the liberation of
mitochondria into the medium—unpublished observation).
In the permeabilized HL-1 cells, we did not observe any
remarkable changes in mitochondrial arrangement in the
presence of 1 μM trypsin (results not shown)—the arrangement
of mitochondria was always chaotic and dynamic already before
trypsin treatment, as described previously [5,7].
Thus, the HL-1 cells represent an excellent reference system
for studies of the role and importance of the organized cell
structure for feedback metabolic regulation of mitochondrial
respiration and energy fluxes.
3.2. Different kinetics of regulation of mitochondrial
respiration in permeabilized cardiomyocytes and HL-1 cells
In this work, we carried out the comparative kinetic analysis
of regulation of respiration by exogenous ADP in the
permeabilized NB HL-1, in normally cultured HL-1 cells and
in isolated and permeabilized adult rat cardiac cells. As it is
shown in Fig. 5, there is a striking difference in the kinetics of
respiration regulation between these cell types. Maximal
respiration rates in permeabilized cardiomyocytes were in the
range of 40–60 nmolO2/min/mg, and in NB HL-1 cells in the
range of 3.6–6.7 nmolO2/min/mg of protein with glutamate and
malate as substrates, and maximal respiration rate increased in
some experiments up to 31 nmolO2/min/mg of protein with
addition of succinate (5 mM). Most remarkably, while maximal
activation of the respiration in permeabilized cardiomyocytes
required addition of exogenous ADP up to the millimolar
concentrations (Fig. 5A), in permeabilized NB HL-1 cells much
smaller amounts of exogenous ADP were needed for maximalactivation of respiration (Fig. 5B). In permeabilized cardio-
myocytes the apparent Km for exogenous ADP was found in the
range of 300–500 μM (Fig. 5C), as it has been reported in many
earlier studies [8–11], and explained by the local diffusion
restrictions for exogenous ADP in cardiac and oxidative skeletal
muscles [14,15]. The values of apparent Km for exogenous
ADP were very close in permeabilized rat cardiomyocytes,
permeabilized rat fibers (around 300 μM) and mouse cardiac
ventricular fibers (200–250 μM, results not shown). Earlier, it
has been shown that it is equally high in permeabilized atrial
fibers [16]. On the contrary, in suspended and permeabilized
NB HL-1 cells we observed a very high sensitivity of the
mitochondrial respiration for exogenous ADP—the apparent
Km was in this case was equal to 25±4 μM (Fig. 5C and D), not
very different from that in isolated heart mitochondria (apparent
Km for ADP is about 20 μM, [17]). This suggests the absence of
significant diffusion restrictions in these cells, in contrast to
adult cardiomyocytes, most probably due to different cardiac
biology at the cellular and molecular level. In the normally
cultured beating HL-1 cells with some preservation of
sarcomere structures and very heterogeneous mitochondrial
arrangement and dynamics (Fig. 1C), the apparent Km for
exogenous ADP was 47±15 μM, and thus higher than that of
non- beating HL-1 cells, but still much lower than in
permeabilized normal adult cardiomyocytes (Fig. 5C). Further,
in the adult permeabilized cardiomyocytes structural disorga-
nization of the cell by short treatment with trypsin (as shown in
Fig. 4) significantly decreased the apparent Km for exogenous
ADP (Fig. 6), that showing the decrease of restrictions for
diffusion of the ADP by this treatment [18].
Another test applied in this study was the measurement of the
endogenous ADP flux from MgATPases to mitochondria by the
coupled phosphoenolpyruvate–pyruvate kinase (PEP–PK) and
NADH-LDH enzyme systems [9]. After addition of MgATP in
Fig. 5. Different kinetics of regulation of the respiration in permeabilized adult cardiomyocytes and NB HL-1 cells. ADP kinetic protocols and representative
respiration traces of permeabilized cardiomyocytes (A) and NB HL-1 cells (B) recorded using a two-channel high-resolution respirometer (Oroboros oxygraph-2k,
Oroboros, Innsbruck, Austria), in respirometry medium Mitomed (see Materials and methods). Mitochondrial respiration increases with step-wise increasing
concentrations of ADP in a range from 0.05 to 2 mM for cardiomyocytes, and from 0.002 to 2 mM for NB HL-1 cells to reach the saturated rate of respiration (Vmax).
At the end of the measure, cytochrome c (Cyt c, 8 μM) addition does not change the respiration, indicating that the outer membrane is intact. Atractyloside (Atr,
30 μM) results in a decrease in respiration back to Vo due to inhibition of adenine-dinucleotide translocase. (C) Comparison of respiration kinetics as normalized
respiration rates versus [ADP] in permeabilized adult cardiomyocytes and in permeabilized HL-1 NB cells (C). Values of apparent Km for exogenous ADP are shown
in box. For normalisation, the respiration rates were expressed as fractions of the maximal rates, Vmax, found by analysis of experimental data in double-reciprocal
plots.
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coupled PEP–PK-LDH system measures the flux of the ADP
accessible to the exogenous PK. In the case of isolated and
permeabilized cardiomyocytes, the flux of ADP was signifi-
cantly diminished after activation of mitochondrial oxidative
phosphorylation by the addition of respiratory substrates gluta-mate/malate (Fig. 7A), and returned to the initial values after
addition of atractyloside, an inhibitor of the adenine nucleotide
translocator (ANT) [17]. That means that part of endogenous
ADP is directly channeled from MgATPases to mitochondria
and used up in oxidative phosphorylation and thus is not
accessible to external PK. Calcium was absent in the Mitomed
Fig. 6. Decrease of apparent Km for exogenous ADP in respiration regulation of
permeabilized cardiomyocytes after their pretreatment with trypsin in different
concentration for 5 min at 4 °C.
Fig. 7. Absence of channelling of endogenous ADP from MgATPases to
mitochondria in NB HL-1 cells (B) in contrast to primary adult cardiomyocytes
(A). ADP fluxes were measured at 340 nm by pyruvate kinase–PEP–NADH–
lactate dehydrogenase coupled enzyme system at 25 °C, using Gary spectro-
photometer in the presence of 50 μg/ml saponin, MgATP (3 mM); 5 mM
glutamate+2 mM malate (S); and 30 μM atractyloside (ATR). (A, B) Bar plots
demonstrating the summary of the measurements. * — significantly different
from ADP flux in the presence of 2 mM ATP. Error bars show±SD. Symbol “*”
shows statistically significant (P<0.05; N=4/7) change in ADP flux for
cardiomyocytes (A) showing channeling of endogenous ADP to mitochondria,
and symbol “o” shows statistically not significant change in ADP flux for HL-1
cells (B) according to Student's t-test.
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vated, as it was previously in the solution B with 0.1 μM Ca2+,
this explaining the smaller effect of mitochondrial substrates on
the endogenous ADP flux found in this work, as compared to
our earlier observations [9].
However, in the NB HL-1 cells the addition of respiratory
substrates had no influence on the flux of endogenous ADP out
of the cells (Fig. 7B). That means that, in contrast to adult
cardiomyocytes, the MgATPases activated under these condi-
tions are functionally dissociated from mitochondria in the NB
HL-1 cells.
3.3. The expression of the creatine kinase energy transfer
system is related to the structural organization of cardiac cells
In permeabilized cardiomyocytes the kinetics of respiration
regulation by exogenous ADP is changed in the presence of
20 mM creatine [8–11], due to the activation of functional
coupling between adenine nucleotide translocator and mito-
chondrial creatine kinase (MtCK) [2,19–21]. Under these
conditions, ADP produced by MtCK is immediately available
for ANT and the coupled MtCK-ANT mitochondrial system
plays therefore a central role in regulation of respiration in adult
cardiac cells [2,14,15,19–22]. This mechanism is explained in
the Scheme in Fig. 8 A, which shows both direct transfer of ATP
and ADP between ANT and MtCK [22], and restriction of the
permeability of the outer mitochondrial membrane for ADP in
cardiac cells in situ due to possible contacts of VDAC with
some cytoskeletal elements [9,10,14]. That increases further the
efficiency of the functional coupling between MtCK and ADP
and makes the ADP generated by MtCK inaccessible for the
powerful pyruvate kinase system added into the medium.
Fig. 8B and C demonstrate very directly the central role of the
creatine kinase system in the regulation of mitochondrial
respiration in cardiac cells. The experiments were carried out on
the permeabilized cardiomyocytes in which respiration was
activated by production of endogenous ADP induced by
addition of 2 mM MgATP. In the presence of phosphoenolpyr-
uvate (3 mM), the addition of pyruvate kinase (PK) in
increasing amounts (up to 20 IU/ml) decreased the respirationrate because of consumption of ADP by this PEP–PK system
effectively competing with mitochondria for this substrate (see
Fig. 8A). In the presence of 20 IU/ml of PK, only 25% of ADP
activated respiration was observed due to some direct channel-
ing of ADP from MgATPases to mitochondria (see above,
Fig. 7). In the presence of this powerful competitive ADP
consuming PEP - PK system (simulating the in vivo conditions
in cardiac cells) activation of the MtCK reaction in the
mitochondrial intermembrane space by addition of creatine
very rapidly increased the respiration up to its maximal value, as
it is seen from acceptor control ratio, ACR (the ratio of the
respiration rate in the presence of creatine to that in its absence)
close to RCI (see Fig. 2). The apparent Km for creatine in the
control of respiration under these conditions was close to
2.5 mM. These results show that in the intact permeabilized
cardiac cells the ADP produced in the MtCK reaction is not
accessible to the powerful exogenous ADP - consuming PEP -
PK system: this locally produced ADP is not leaving mito-
Fig. 8. The competition between pyruvate kinase (PK) - phosphenolpyruvate (PEP) system and mitochondria for endogenous ADP in permeabilized cardiomyocytes
and the strong control of respiration by the mitochondrial creatine kinase reaction. (A) The schematic presentation of coupled ANT-MtCK system in mitochondria. (B)
Oxygraph recordings. The respiration was activated by endogenous ADP after addition of 2 mMMgATP. The protein concentration was 0.0621 mg/ml. In the presence
of 3 mMPEP, addition of PK in increasing amounts effectively removes this ADP, at 20 IU/ml of PK about 25% of initial ADP dependent respiration is observed. In the
presence of this powerful ADP consuming PEP–PK system, activation of MtCK reaction by stepwise addition of creatine rapidly increases the respiration up to
maximal values: the ACR is about 7 and close to the RCI in Fig. 2. (C) Kinetic analysis of the effect of creatine on respiration described in panel B. The respiration rate
shown is the difference of that in the presence of creatine and initial respiration in State 2, v0.
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by ANT due to both direct channeling of ADP from MtCK to
ANT and limited permeability of the mitochondrial outer
membrane for ADP under in situ conditions [14,15]. That also
means that all mitochondrial ATP is used for phosphocreatine
production in the MtCK reaction, and confirms the earlier
conclusion that the phosphocreatine is an energy carrier out of
mitochondria under physiological conditions [2].
On the contrary, in permeabilized NB HL-1 cells we detected
very low activity of total creatine kinase in NB HL-1 cells
(0.1 μmoles per min per mg protein), as compared to normal
adult cardiomyocytes (1.6 μmoles per min per mg of protein),
and the creatine addition had very small (not exceeding 20%)
effect on respiration regulation kinetics (Fig. 9) under
conditions in Fig. 8.
4. Discussion
The results of this work show that mitochondria in the
suspended and permeabilized NB HL-1 cells with dynamic and
filamentous, often clustered organization, undergoing fusion
and fission processes [5–7], behave exactly as the isolated
mitochondria in vitro in homogenous suspension, and the
creatine kinase system seems to be down regulated or notdeveloped. In contrast, in adult cardiomyocytes with highly
organized, crystal-like arrangement of mitochondria due to
specific organization of the cytoskeletal system in adult cardiac
cells, the ADP diffusion is clearly restricted, including its
restriction at the level of the outer mitochondrial membrane
[14,15] and MtCK is functionally coupled to oxidative
phosphorylation via adenine nucleotide translocase [19–22].
This inevitably results in compartmentation of adenine
nucleotides, and the cells become dependent on energy transfer
and metabolic feedback regulation of respiration via phospho-
transfer networks [2]. Our previous findings have demon-
strated striking differences in mitochondrial behavior and
apparent Km for ADP between metabolically very different
oxidative and glycolytic muscles [18]. Here, for the first time,
we show similar strict differences between cells with compar-
able cardiac phenotype [4], but with evidently dissimilar
mitochondrial and cellular organization. These results show
very clearly that the intracellular mechanism of the regulation of
mitochondrial respiration and the energy transfer via phospho-
transfer networks are directly related to the organization of the
cell.
In the cells with high degree of structural organization, as
adult cardiomyocytes, where positions of mitochondria are very
regular and fixed due to their specific interactions with com-
Fig. 9. Absence of the effect of creatine on the respiration rate in NB HL-1 cells in the presence of PEP–PK system under conditions described in Fig. 7. Protein
concentration was 0.254 mg/ml.
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[15]. Indeed, the high value of the apparent Km for exogenous
ADP in regulation of mitochondrial respiration in permeabilized
cardiomyocytes and red skeletal muscle cells [8–11] has been
quantitatively explained by local restrictions of diffusion of
ADP and ATP at the level of the mitochondrial outer membrane
and within the organized intracellular energetic units, ICEUs
[9,10,14,15], and is obviously related to the cell structural
organization by cytoskeleton. Disorganization of the cell
structure and mitochondrial regular arrangement by selective
proteolysis of cytoskeletal components (Fig. 4) very signifi-
cantly decreases the value of apparent Km for exogenous ADP
[18]. It is still not clear which cytoskeletal proteins are directly
responsible for the control of mitochondrial position and
restriction of ADP diffusion. However, the physiological
significance is very clear: endurance training has been shown
to increase significantly the apparent Km for exogenous ADP
both in animal and human skeletal muscle fibers [23–27]. Thus,
this parameter has a clear practical and diagnostic value [26,27],
and identification of cell components responsible for specific
organization of energy transfer systems and intracellular
diffusion merit serious further investigations.
In the adult cardiomyocytes and oxidative skeletal muscles
in vivo the localized diffusion restrictions are overcome by the
effective phosphotransfer networks [2,10,19,20]. The creatine
kinase system is a major component of this network connecting
mitochondria with ATP consuming contractile system in
myofibrils and ion pumps at the subcellular membranes
[10,19,20]. The experimental conditions used in this work
(Fig. 8) are close to those in the cells in vivo: the presence of the
competitive glycolytic ADP consuming system, ATP in rather
high concentration and the presence of the creatine in increasing
concentration. Most of the ADP produced by extramitochon-
drial MgATPases or extramitochondrial creatine kinases is
consumed by PEP–PK system, and the experimental conditions
are most favorable for studies of the role of mitochondrial
creatine kinase, MtCK, in regulation of respiration. The results
of these experiments show that the MtCK takes completely over
the control of respiration. ADP produced locally byMtCK is not
accessible to the powerful PK–PEP system due to the limited
permeability of the outer mitochondrial membrane [14] and
direct transfer of ADP from MtCK by ANT into the matrix [22].The apparent affinity of the coupled system for creatine is very
high (apparent Km is very low, 2.5 mM), and at physiological
creatine concentrations above 10 mM the maximal respiration
rate may be achieved (Fig. 8B).
No such a stimulation of respiration by creatine is observed
in the NB HL-1 cells (Fig. 9). It is not yet clear whether the
creatine kinase is totally absent or not active in these cells. But
in any case, the results of this study show that regular
arrangements of mitochondria into the intracellular energetic
units, ICEUs [10], localized diffusion restrictions for adenine
nucleotides and energy transfer networks are co-expressed in
cardiac cells. Further comparative proteomic analysis of
cardiomyocytes and HL-1 cells will be very helpful for
identification of cytoskeletal proteins responsible for the control
of mitochondrial position in muscle cells.
It is interesting to note that the phosphotransfer networks are
present and functionally very active also in many other types of
cells with high energy fluxes, such as brain, retina photoreceptor
cells, and also in smooth muscle cells with tense structural
organization of cytoplasm [28,29]. One may propose existence
of the restrictions for diffusion of adenine nucleotides in all
these cells. Indeed, or brain cells, the reduced diffusion of
adenine nucleotides has been registered by diffusion - weighted
1H - NMR [30].
Detailed comparative proteomic, functional and structural
studies of all these cells are needed to precisely understand the
structure–function relationships in the regulation of energy
metabolism in the cardiac cells [2].
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